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Abstract: A scaleable synthesis of 2-bronio-3-fluoroben- 
zonitrile via the NaOMe-catalyzed bromodeboronation of 
2-cyano-6-fluorophenylboronic acid was developed. The gen- 
erality of this transformation was demonstrated through the 
halodeboronation of a series of aryl boronic acids. Both aryl 
bromides and aryl chlorides were formed in good to excellent 
yields when the corresponding aryl boronic acid was treated 
with l,3-dihalo-5,5-dimethylhydantoin and 5 mol % NaOMe. 

Aryl halides are important synthetic intermediates 
that have been used extensively in various carbon— car- 
bon and carbon— heteroatom bond-forming reactions. 
Although a plethora of aryl halides are commercially 
available, the regioselective introduction of the carbon- 
halogen bond into advanced synthetic intermediates can 
be a challenging problem in organic synthesis, and the 
extensive literature concerning carbon-halogen bond 
formation exemplifies the importance of this transforma- 
tion.' The most common means of aromatic halogenation 
include electrophilic aromatic substitution, conversion of 
an amine to a halide via the diazonium salt (i.e., the 
Sandmeyer reaction), and to a lesser extent, the halogen- 
ation of an arylmetallic species.^ Recently, our research 
efforts required the use of multi-kilogram quantities of 
2-bromo-3-fluorobenzonitrile (3) as an intermediate. 
Herein, we describe a practical and facile synthesis of 3 
(Scheme 1) from 3-fluorobenzonitrile (1) via the bromode- 
boronation of electron-poor aryl boronic acid 2a. The 
scope and limitations of this transformation were deter- 
mined by the synthesis of several aryl bromides and aryl 
chlorides from the corresponding aryl boronic acids under 
our reaction conditions. 

While many aryl bromides can be easily accessed by 
electrophilic bromination using bromine and a Lewis acid 
catalyst, this approach is usually limited to electron-rich 
systems with ring halogenation occurring ortho and para 
to the directing group.^ Nevertheless, fluorobenzenes 
have been shown to undergo electrophilic aromatic sub- 
stitution.* Treatment of compound 1 with 1,3-dibromo- 
5,5-dimethylhydantoin (DBDMH) for 8 h at 45 °C (Scheme 
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SCHEME 1. Synthesis of 
2-Bromo-3-fluorobenzonitrile 




SCHEME 2. Electrophilic Bromination of 
3-Fluorobenzonitrile 
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2) resulted in the selective formation of 2-bromo-5-fluor- 
obenzonitrile (4) in high yield (90%).= Since the regiose- 
lectivity of electrophilic bromination of 1 was governed 
by the para directing effect of the fluorine substituent, 
another method for the synthesis of 3 was clearly 
required. 

Our next approach to 3 relied upon deprotonation of 
1, followed by bromination of the resulting aryl anion 
intermediate. While organolithium bases such as n- 
butyllithlum, lithium dlisopropylamide (LDA), or lithium 
bis(trimethylsilyl)amide readily added to the nitrile and 
resulted in undesired ketone and amide products,^ milder 
bases, such as Grignard or alkyl zinc halide reagents, 
did not deprotonate 1. A directed metalation using 
Kondo's triorganozincate complex 6^ allowed access to 3 
in 75% yield and excellent regioselectivity via treatment 
of intermediate 5 with bromine (Scheme 3). However, this 
chemistry was not amenable to kilo-scale processing due 
to a considerable exotherm exhibited during the bromine 
addition, b3^roducts associated with the reaction and 
difficulties with product isolation.^ 

We envisioned that the use of a less reactive interme- 
diate, such as an aryl silane^ or an aryl boronic acid,'° 
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SCHEME 3. Orthometalation-Bromlnation of 
3-Fluorobenzonitrile 
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would permit greater control over the exothermic bro- 
mination. Although synthesis of the requisite 3-fluoro- 
2-(trimethylsilyl)benzonitrile was accomplished," treat- 
ment of the aryl silane with elemental bromine or DB- 
DMH gave only traces of 3.'^ Similar results were an- 
ticipated for the halodeboronation of 2-cyano-6-fluorophen- 
ylboronic acid, since bromination of electron-deficient aryl 
boronic acids typically result in formation of the aryl 
bromide in poor yields.'"'' 2-Cyano-6-fluorophenylboronic 
acid was prepared as an indeterminable mixture of mon- 
omer 2a and trimer 2b (Figure l)'^ in 75% yield by the 
addition of LDA to a THF solution of 1 and B(0-j-Pr)3 at 
0 °C.'^ '5 Since the bromodeboronation of 2a/2b failed in 
THF, other solvents were evaluated and acetonltrile was 
the solvent of choice. After a solvent switch to acetonltrile 
via constant volume distillation, bromide 3 was formed 
in good yield (65%) by the slow addition of DBDMH to 
the boronic acid/anhydride mixture at 25 °C.'^ '^ 

Upon scale-up of this chemistry, nitrile hydrolysis 
products 7 and 8 formed occasionally and unpredictably 

(8) The alkylhallde byproducts formed in the reaction were difficult 
to remove by distillation and inhibited the crystallization of 3. 
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Dunogues, J.; Babin, P. Tetrahedron 1993, 49, 10843-10854. (c) Coe, 
P.; Stuart, A.; Moody, D. J. Fluorine Chem. 1998, 92, 27-32. 
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(1 1) Fluoro-2-(trimethylsiIyl)benzonitrile was prepared by the slow 
addition of LDA to a THF solution of 1 and chlorotrimethylsilane at 0 

(12) To a solution of 3-fluoro-2-(trimethylsilyl)benzonitrile in THF 
or acetonltrile was added either bromine or DBDMH. The reaction was 
heated to 40 °C, aged for several hours, and monitored by HPLC. 

(13) While standard Instrumental analyses (LC, LC/MS, GC/MS, 'H 
NMR, "C NMR, >9F NMR, or "B NMR) only resulted in ambiguous 
structural eissignments of 2-cyano-6-fluorophenylboronic add, a mix- 
ture of monomer 2a, tris(2-cyano-6-fluorophenyl)boroxine (2b), and 
various oligomers could all be present in solution. 



at the expense of 3.'* In the absence of any distinguish- 
able differences of a successful reaction that generates 3 
to a failed reaction producing hydrolysis products 7 and 
8, we proposed that the ratio of monomer 2a to trimer 
2b might be critical to the halodeboronation reaction. 
Solutions of arylboronic acids are known to exist in 
equilibrium with their cyclic anhydrides;'^ however, we 
were unable to determine the ratio of 2a/2b by 'H, '^C, 
'^F, or "B NMR due to the reaction complexity. A sim- 
plified model system using commercially available 4-fluo- 
rophenylboronic acid (9a) and tris(4-fluorophenyl)borox- 
ine (9b) was used to evaluate our hypothesis (Scheme 
4) .2° A clear difference in reactivity was observed between 
9a and 9b toward halogenation under our reaction condi- 
tions. 4-Bromofluorobenzene (10) was formed in only 24% 
yield when trimer 9b was brominated with DBDMH 
versus an 88% yield of 10 for the bromination of boronic 
acid 9a. Chlorination of 9a and 9b with l,3-dichloro-5,5- 
dimethylhydantoin (DCDMH) gave 4-chlorofluorobenzene 
(11) in 70% and 14% yield, respectively. We then rea- 
soned that the use of a base should increase the reactivity 
of the trimer toward bromination by formation of the 
more nucleophilic borate.^' Indeed, addition of stoichio- 
metric NaOMe to trimer 9b increased the yield of 10 to 
55% and 11 to 25% after 8 h. Since compound 2a/2b has 
shown particular instability in solutions with a basic pH 
(> 8.0), catalytic NaOMe was examined in the halode- 
boronation of 9b and found to promote the formation of 
10 and 11 in remarkably high yields. 

Application of the base-catalyzed procedure to the 2a/ 
2b mixture reproducibly afforded an 85-90% yield of 
bromide 3.^'^ More importantly, acetonltrile solutions 
of 2a/2b that previously gave hydrolysis products 7 and 
8 now provide bromide 3 in 85-90% yield. Based on these 

(14) (a) Krlstensen, J.; Lysen, M.; Vedsa, P.; Begtrup, M. Org. Lett. 
2001. 3, 1435-1437. (b) Caron, S.; Hawkins, J. M. J. Org Chem. 1998, 
63. 2054-2055. (c) Li, W.; Nelson, D.; Jensen, M.; Hoerrner, R. S.; Cai, 
D.; Larsen, R.; Reider, P. J. Org. Chem. 2002, 67, 5394-5397. 

(15) The formation of S-fluoro-Af.A^diisopropylbenzamide was mini- 
mized by this addition sequence. While a one-pot deprotonation/ 
bromination process could be envisioned, an appropriate brominating 
agent that is unreactlve towards LDA, such as 1,2-dibromotetrafluo- 
roethane, was required. 1,2-Dlbromotetrafluoroethane is currently 
prohibited from use by the EPA under the Clean Air Act 1990 because 
of its adverse effects on stratospheric ozone. 

(16) Bromination of the crude diisopropyl boronic ester without an 
aqueous workup was examined and gave 3 after 2 h at 40 °C in good 
yield (79%), but poor purity. However, this route was not amenable to 
large-scale synthesis since ester hydrolysis, followed by acid^ase 
extractions proved necessary to remove the reaction impurities (e.g., 
ethylbenzene introduced from commercial LDA was polybrominated). 
Furthermore, a thick, difficult to stir slurry formed upon solvent switch 
from THF to acetonltrile. 

(17) For discussions regarding the mechanism of boron substitution, 
see: (a) Petasis, N. A.; Zavialov, I. A. Tetrahedron Lett 1996, 37, 567- 
570. (b) Brown, H. C; Hamaoka, T.; Ravindran, N. J. Am. Chem. Soc. 
1973, 95. 6456-6457. 

(18) A combined yield of 7 and 8, as much as 100% with respect to 
2, has been observed. An apparent pH of 5.0-6.5 (pH test strip) and 
a 2.5-5.0% water content (as determined by Karl Fisher titration) were 
required of the acetonltrile solution in order to achieve reproducible 
results in the bromination reaction. Less water required an extended 
age period for the reaction to go to completion (2-12 h) and resulted 
in a lower yield of 3 while more water resulted in an increase in 
decomposition products. 

(19) (a) Senda, T.; Ogasawara, M.; Hayashi, T. J. Org Chem. 2001, 
66, 6852-6856. (b) Tokunaga, Y.; Ueno, H.; Shlmomura, Y.; Seo, T. 
Heterocycles 2002, 57, 787-790. 

(20) 4-Fluorophenylboronic add (9a) was obtained from commercial 
sources as mixture of monomer 9a (66%) and trimer 9b (34%). Tris- 
(4-fluorophenyl)boroxlne (9b) was obtained from commercial sources 
and analysis by 'H and "B NMR showed mostly trimer 9b (86%) while 
the remainder of the material is 
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SCHEME 4. Halogenation of 
Trls(4-fluorophenyl)boroxine and 
4-Fluorophenylboronic Acid 
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observations, we believe that boroxine 2b is inert toward 
bromination with DBDMH and that variations in the 2a/ 
2b ratio, which most likely occur in the solvent switch 
from THF to acetonitrile, are responsible for an alternate 
reaction pathway generating 7 and 8 (Scheme 5). In fact, 
kilogram-scale reactions were typically prone to hydroly- 
sis conceivably due to the prolonged distillation time 
required which provides favorable conditions for trimer 
2b formation. 

A study of the base-catalyzed halodeboronation reac- 
tion was conducted by bromination of a series of aryl 
boronic acids under our reaction protocol (Table 1). We 
observed that reactions typically gave the desired halo- 
genated product in good to excellent yield and tolerated 
a range of functionality. Only when a strong electron- 
donating group was present (entry 5, Table 1) did electro- 
philic aromatic halogenation compete with displacement 
of the boron. As seen in Scheme 6, in addition to 2-bromo- 
anisole (13e), 5-bromo-2-methoxyphenylboronic acid (14) 
and 2,4-dibromoanisole (15) were formed in a combined 
yield of 23% when 12e was subjected to DBDMH in the 
presence of 5 mol % NaOMe. Optimization of the reagent 
stoichiometrics (0.52 equiv of DBDMH; 0.3 equiv of 
NaOMe) led to the selective conversion of 12e to 13e in 
94% yield. This is a novel result since only electrophilic 
aromatic bromination of 12e has been reported.^'f 

As seen with the bromination of 2a/2b, addition of a 
catalytic amount of base to the reaction mixture resulted 

SCHEME 5. Proposed Reactivity of Tris(2-c^ano-6-fluorophenyl)boroxine 

,B(0H)2 



4 12d 2 Me 97 99 

5 12e 2 OMe 45'' 77" 

6 IZf 3-C(0)CH3 95 95 

7 12g 4-C(0)CH3 83 99 

^Yields were determined by HPLC analysis vs a standard 
prepared from commercially available authentic material. * Prod- 
uct yields have not been optimized. <^The acetonitrile solution of 
aryl boroiuc acid prior to DBDMH addition typically had a water 
content of 2-4% as determined by Karl Fisher titration and a pH 
of 4-6. ''Electrophilic aromatic bromination products were also 
formed: 5-bromo-2-methoxyphenylboronic acid (34%) and 2,4- 
dibromoanisole (18%). « Electrophilic aromatic bromination prod- 
ucts were also formed: 5-bromo-2-methoxyphenylboronic acicf (5%) 
and 2,4-dibromoanisole (18%). ' 

in an increase in yield of the product (entries 1-7). The 
effects of base catalysis can be best exemplified by the 
bromination of 3-nitrophenylboronic acid (entry 2) since 
3-bromonitrobenzene (13b) was formed in 96% yield 
when methoxide was present versus 21% yield in the 
absence of base. 

Recently, much attention has been placed upon aryl 
chlorides and their application in palladium-catalyzed 
cross-coupling reactions.^^ Under our standard reaction 
conditions, aryl chlorides are easily synthesized from aryl 
boronic acids by using DCDMH as the halogenating 
reagent (see Table 2). Trends in yield similar to those 
described above were observed when the reactions were 
base catalyzed (entries 2-7). Notable results were again 
obtained for 3-nitrophenylboronic acid (entry 2) since 
chlorination did not occur in any appreciable extent in 
the absence of base, but proceeded in 43% yield when 
methoxide was present. Unlike the bromination of 12e 
to give 2-bromoanisole, selective preparation of 2-chlo- 
roanisole (16e) by simple adjustment of reagent stoichio- 
metries was never achieved (entry 5). 

It has been previously reported that the chlorodebor- 
onation of aryl boronic acids gave only trace amounts of 
product when AZ-chlorosuccinimide (NCS) was used as the 
halogen source. As an extension of our study, the 
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SCHEME 6. Bromination of 2-Methoxyphenylboronic Acid 

NaOMe (0.05 eq.) 
^B(0H)2 DBDMH (1.1 eq.) 



NaOMe (0.3 eq.) 
DBDMH (0.52 eq.) 



MeCN, 23'C 



MeCN, 23°C 



]OCNote 



OMe OMe OMe 



TABLE 2. Chlorination of Aryl Boronic Acids Using 
DCDMH and DCDMH/NaOMe^-^ 



}. N-' 



(7" 



entry boronic acid'^ 



(bCDMH) (DCDMH/NaOMe) 



12d 2-Me 

12e 2-OMe 

12f 3-C(0)CH3 

12g 4-C(0)CH3 



* Yields were determined by HPLC analysis vs a standard 
prepared firom commercially available authentic material. * Prod- 
uct yields have not been optimized. "^The acetonitrile solution of 
aryl boronic acid prior to DCDMH addition typically had a water 
content of 2-4% as determined by Karl Fisher titration and a pH 
of 4-6. ''Major product formed: 5-chloro-2-metho}Qrphenylboronic 
acid (84%). 'Major product formed: 5-chloro-2-methoxyphenyl- 
boronic acid (67%). 



In conclusion, an easily scaleable, reproducible syn- 
thesis of 2-bronio-3-fluorobenzonitrile from 2-cyano-6- 
fluorophenylboronic acid was achieved using DBDMH as 
the brominating reagent. Furthermore, the generality of 
this chemistry has been demonstrated by the clean 
transformation of a variety of aryl boronic acids, espe- 
cially those with electron-withdrawing substituents, to 
the corresponding aryl bromides and aryl chlorides in 
good to excellent yields. Addition of a catalytic amount 
of NaOMe has beneficial effects on the rate and yield of 
the reaction in almost all of the examples studied. The 
data collected thus far indicates that base aids in the 
breakdown of less reactive trimeric boronic acid anhy- 
drides to a more reactive monomeric form. 

Acknowledgment. We thank Dr. John Limanto for 
insightful discussions. We also thank Dr. Peter Dormer 
for assistance with "B NMR data. 

Supporting Information Available: Experimental pro- 
cedures for the synthesis of compounds 2a/2b and 3, as well 
as characterization data. This material is available free of 
charge via the Internet at http://pubs.acs.org. 

JO035184P 



TABLE 3. Chlorination of Aryl Boronic Acids Using 
NCS and NCS/NaOMe** 

CI 

R^B(OH), R CI 

MeCN 

12a-d 16a-d 

yield (%) yield (%) 

entry boronic add R (NCS) (NCS/NaOMe) 

1 12a 2-F 95 61 

2 12b 3-NO2 <0.5 3.7 

3 12c H 28 22 

4 12d 2-Me 79 63 

^Yields were determined by HPLC analysis vs a standard 
prepared from commercially available authentic material. * Prod- 
uct yields have not been optimized. 



chlorination of several aryl boronic acids using NCS and 
NCS/NaOMe was briefly investigated (Table 3). In con- 
trast to published results, NCS affected the desired 
transformation in our hands.^^ While aryl chlorides 16a 
and 16d were formed in excellent yields (95% and 79%, 
respectively) when NCS was employed in the reaction, 
addition of catalytic NaOMe to these substrates actually 
hindered the formation of product (entries 1, 3-4). In the 
case of 12a (entry 1), a >30% decrease in yield was 
observed when 5 mol % NaOMe was added to the 
reaction.^^ Observation of greater amounts of unreacted 
starting material under base-catalyzed conditions sug- 
gests that NaOMe had deleterious effects toward NCS. 
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(22) Addition of 5 mol % NaOMe to trimer 9b yielded a new 
compound that corresponds to the mixed boronic add/monomethyl 
ester as determined by 'H and '^C NMR. 

(23) Of the several bases screened for the halodeboronation reaction 
(NaOMe. NaOtBu, NaOH, KF, KOAc, or K3PO4), NaOMe gave the 
highest yield of products 3, 16b, and 16c. Interestingly, a stoichiometric 
cimount of B(0H)3 also promoted the bromodeboronation of 2a/2b. 
Multi-kilogram quantities of 3 have been prepared using the NaOMe- 
catalyzed reaction. 

(24) Addition of a full equivalent of NaOMe to the reaction resulted 
in product formation in only 43% yield. 

(25) The effect of methoxide charge was also examined in the 
halogenation of compounds 12a, 12b, and 12e. A full equivalent of 
methoxide (vs 5 mol %) resulted in a decrease in rate and yield of the 
reactions. No product was observed if these reactions were carried out 
in MeOH or NaOMe/MeOH. 
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(27) The bromodeboronation of compounds 12b and 12c with NBS 
and NBS/NaOMe was also examined. The desired aryl bromides were 
formed both in the presence eind absence of base In comparable yields 
and in agreement to the values reported in the literature."" 

(28) This trend was fiirther demonstrated by increasing the NaOMe 
charge to 25 mol % since l-chloro-2-fIuorobenzene was formed in only 
12% yield. The reaction was aged for a total of 36 h with no further 
increase in product yield observed. 
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